Meiotic maturation and ovulation rates in Caenorhabditis elegans are regulated by a sperm-released gradient of major sperm protein (MSP). Recent work has provided insights into the modulation of the MSP signal by the trafficking of its receptor in oocytes.
The regulation of meiotic maturation by hormonal signaling is a crucial and highly conserved process in fertilization [1] . Incorrect timing of events and either excessive or inadequate oocyte production can have detrimental effects on reproductive success. Despite their importance, the molecular mechanisms underlying the control of meiotic maturation and ovulation are still not well understood.
The nematode Caenorhabditis elegans has emerged as a powerful model system for studies of reproductive biology [2] . In nature C. elegans exists as two sexes, males and hermaphrodites, with both sexes producing sperm [3] . Hermaphrodites self-fertilize using the sperm produced during their last larval stage and oocytes they produce as adults. Sperm can also be supplied to hermaphrodites through mating with males. Hermaphrodites have a mechanism that regulates the rates of meiotic maturation and ovulation depending on the presence or absence of sperm. This regulation also allows hermaphrodites to match meiotic maturation rates to the number of sperm available and avoid the excess production of metabolically costly oocytes. This mechanism was shown to involve the activation of the mitogen-activated protein kinase (MAPK) pathway in oocytes in response to signals from proximal gonad sheath cells and sperm [2] . In animals that lack sperm, the most mature oocytes remain arrested in diakinesis for extended periods [4] .
Major sperm protein (MSP), a cytoskeletal protein known to be involved in sperm motility, was shown to also act as a signaling protein that stimulates oocyte meiotic maturation and ovulation [5] . MSP is released from sperm via externally budded vesicles [6] . These vesicles presumably lyse, resulting in an extracellular gradient of MSP extending from the spermatheca (the site of sperm storage and fertilization) through the proximal oviduct. An intracellular readout of this MSP gradient leads to the release of the most proximal oocyte from meiotic arrest and consequently to its ovulation and fertilization.
Part of the MSP signal is received directly by the oocytes by a direct physical interaction between MSP and cell surface VAB-1, a transmembrane protein related to ephrin receptors ( Figure 1 ) [7, 8] . VAB-1 in oocytes is thought to function as a negative regulator of meiotic maturation unless it is bound to MSP [8] . MSP-binding studies indicate the presence of additional MSP receptors on the oocyte and sheath-cell surfaces that have yet to be identified but which likely contribute to the process [7] . In addition, MSP modulates a parallel pathway(s) that controls events in somatic gonad sheath cells of the oviduct and oocytes [5] . This parallel pathway was initially defined by the requirement for properly differentiated somatic sheath cells for proper levels of meiotic maturation [9, 10] .
There has been significant progress in identifying additional components of the MSP-regulated pathways in both sheath cells and oocytes [8, 11] , such as heterotrimeric G-protein subunits, gap junction proteins, a Ran GTPase, protein kinase C, and a Disabled homolog. An important challenge will be to continue to identify all of the components of these pathways.
One of the key questions in this system is how the VAB-1 receptor inhibits meiotic maturation in the absence of sperm and how MSP signaling antagonizes this function. In this issue of Current Biology, Cheng et al. [12] report how endocytic trafficking of the VAB-1 MSP/Eph receptor contributes to the control of meiotic maturation and how the signals from the sheath cells and directly from MSP converge to regulate VAB-1 localization and/or activity.
The localization and trafficking patterns of VAB-1 were determined in vivo using functional VAB::GFP fusion proteins. In oocytes that are close to MSP-secreting sperm, VAB-1::GFP was found to localize primarily in large vesicles throughout the cytoplasm with little visible plasma-membrane association. In genetic females that lack sperm production, and thus lack the MSP signal, VAB-1::GFP localization was concentrated in smaller cortical vesicles that were identified as RAB-11-positive recycling endosomes. This was the first indication that MSP controls VAB-1 subcellular localization.
Subsequent experiments suggested that MSP affects VAB-1 localization in two ways. The first mechanism affects oocytes directly, probably through binding of MSP to the VAB-1 extracellular domain. The second mechanism is indirect, mediated by the overlying sheath cells that also respond to the MSP signal and then communicate with the oocytes through gap junctions. From these results, the authors propose that endocytosis of VAB-1 and entry into the endocytic recycling compartment is critical for VAB-1-dependent meiotic arrest and that the failure of VAB-1 to transit to this compartment leads to meiotic progression ( Figure 1 ). Consistent with this idea, the authors showed that loss of RME-1, a key regulator of transport between the endocytic recycling compartment and the plasma membrane, leads to an enrichment of VAB-1 to the endocytic recycling compartment and a corresponding decrease in the rate of meiotic maturation and ovulation.
The vesicles in which VAB-1 accumulates in the oocytes receiving MSP signals were not identified, but the most likely candidates to receive VAB-1 under these conditions are late endosomes or Golgi. There are several ways that MSP could influence the endocytic sorting of VAB-1 to direct it away from the recycling compartment. This regulation could occur at the level of the early endosome, where many cargo-protein sorting motifs are decoded, leading to the differential delivery to several potential destinations, including recycling endosomes, late endosomes, or the Golgi [13] . Alternatively, some signaling receptors appear to be sorted differentially into distinct endocytic pathways at the level of the plasma membrane, dependent upon their degree of activation [14] . For instance, the TGF-b receptor is internalized in the absence of signaling by a clathrin-independent pathway, leading to degradation and lack of signaling [15] . In the presence of ligand, the TGF-b receptor is internalized via the clathrin-dependent pathway, activates its effectors in endosomes, and is recycled, not degraded. A similar scenario may operate in VAB-1 signaling.
Previous genetic screens by the Greenstein group had identified a large number of negative regulators of meiotic regulation, some of which were hypothesized to act via regulation of VAB-1 trafficking [8] . In the recent study [12] , the authors found that VAB-1 localization and trafficking was not dependent on ephrins, a protein kinase C homolog, a Rho GTPase, or a STAM homolog. However, VAB-1 localization was affected by loss of the Disabled homolog DAB-1 and the Ran homolog RAN-1. In vitro, both DAB-1 and RAN-1 were shown to bind directly to the VAB-1 intracellular domain, supporting a direct role for these proteins in controlling endocytic transport of VAB-1. DAB-1 is likely to direct VAB-1 to clathrin-coated pits, since Disabled family proteins are well-known clathrin adaptors, mediating uptake of a number of receptors in the low density lipoprotein receptor (LDLR) family that contain the NPXY internalization motif in their intracellular domains [16] . The involvement of RAN-1, however, is a surprise, as Ran GTPases are best known for their roles in regulating nucleocytoplasmic transport during interphase, and in mediating mitotic spindle assembly and post-mitotic nuclear envelope assembly [17] . One possible connection could be through the Ran targets importin-a and importin-b, which have recently been implicated in mediating retrograde transport of phosphorylated ERK in the axons of injured neurons through interactions with dynein [18] . In addition, dynein-mediated endosome dynamics are known to be important for receptor recycling [19] . It will be of great interest to determine how RAN-1 contributes to VAB-1 trafficking, and whether this represents a new role for the Ran GTPase family in general.
Cheng et al. [12] went on to examine components of the sheath cell regulation pathway to determine whether they influenced VAB-1 localization. G-protein signaling in the gonad sheath cells co-operates with gap-junction signaling to promote meiotic maturation in the presence of sperm [8, 11] . RNAi-mediated knockdown of these sheath cell signaling components indicated that VAB-1 is actively maintained in the endocytic recycling compartment in the absence of MSP and this localization is dependent on G-protein signaling in sheath cells and gap junction communication between sheath cells and oocytes (Figure 1) . Interestingly, the Greenstein group has previously found that Gas signaling in sheath cells regulates the cortical microtubule cytoskeleton of the oocyte [20] . It is tempting to speculate that these changes in the cortical microtubules are responsible for the effects on VAB-1 trafficking.
The results of the study reported by Cheng et al. [12] open up several new directions of study. The precise nature of the relationship between the subcellular localization and signaling activity of VAB-1 is still unclear. Further, it will be important to determine how differential trafficking of VAB-1 regulates MAPK activation. It is also intriguing to consider why there are multiple MSP pathways that converge on the oocyte. One possibility is that the coordinated timing of somatic events and oocyte maturation are clearly important for reproductive success. The system is also sensitive to the number of sperm available and can provide intermediate rates of meiotic maturation as sperm are depleted [6] . Further, MSP is found in a gradient with proximal oocytes and sheath cells being exposed to higher levels of MSP than distal cells [6] . These multiple pathways may work together In fact, we know an enormous amount about the genesis of these signals. However, there is a missing link; we do not know which attribute of neuronal activity causes measurable changes in perfusion and blood oxygenation. We know from MRI physics how signals are formed, through changes in deoxyhemoglobin concentration in the blood [1] ; we have precise and physiologically validated biophysical models of how these concentrations unfold in response to changes in cerebral blood flow [2, 3] ; and we have a fairly thorough understanding of the vasodilatory mechanisms that initiate these changes [4, 5] . What we do not know is how vasodilatory signals relate to neuronal dynamics at the cellular and micro-circuitry level. The work reported recently in Current Biology by Goense and Logothetis [6] takes us closer to answering this question.
Energetics and Electrophysiology
The basis of brain imaging signals has always been a preoccupation of imaging neuroscience and has been expressed in many guises. Initially, the focus was on quantitative metabolism and stoichiometrics, as exemplified by the pioneering work of Sokoloff [7] . With the advent of positron emission tomography (PET) and the opportunity to measure cerebral blood flow non-invasively, stoichiometric analyses focussed on the apparent uncoupling between blood flow and oxygen metabolism [8] ; it seemed that the brain does not use all the oxygen delivered by increases in blood flow. This uncoupling is the basis of the blood-oxygenation-level-dependent (BOLD) signal in fMRI, established in the early 1990s [1] . Around this time, there was a shift in focus to distal mechanisms generating fMRI signals, such as balloon models [2, 3] that emphasised hemodynamics per se.
The past few years have seen a return to the stoichiometric analysis but finessed in terms of energy budgets that can be attributed to specific aspects of neuronal activity [9] . At the same time, a complementary approach [re]emerged by combining hemodynamic and electrophysiological measurements. This progressed at two scales; first, the study of correlations between non-invasive electroencephalographic (EEG) and fMRI signals that has been championed by epilepsy researchers [10] . The second was at a microscopic scale [11, 12] . Logothetis and colleagues [11] led the way in correlating local field potentials and multi-unit activity with conjoint fMRI signals. This work was technically breathtaking in its sophistication and proficiency, and has provided some of the clearest insights into the link between neuronal dynamics and brain imaging signals to date.
